The kinetics of the uptake of the fluid phase marker Lucifer Yellow (LY), and its alteration by wortmannin, an inhibitor of phosphatidylinositol-3 kinase (PI-3K), and the PKC modulators: GF 109203 X, an inhibitor, and phorbol ester, an activator was studied in eukaryotic model Paramecium aurelia. Spectrophotometric quantification of LY accumulation was performed in the presence or absence of transferrin, a marker of receptor-mediated endocytosis. Internalization of LY showed a curvilinear kinetics: the high initial rate of LY uptake (575 ng LY/ mg protein /hr) decreased almost 5-fold within 15 min, reaching plateau at 126 ng/ mg protein /hr. Transferrin induced a small increase (7.5%) in the fluid phase uptake rate (after 5 min) followed by a small decrease at longer incubation times. Lucifer Yellow and transferrin (visualized by streptavidin-FITC) were localized in Paramecium by 3-D reconstruction by confocal microscopy. LY showed a scattered, diffuse fluorescence typical of fluid phase uptake whereas transferrin accumulated in membrane-surrounded endosomes. Wortmannin did not affect LY accumulation but decreased it when transferrin was present in the incubation medium. This suggests an effect on the transferrin uptake pathway, presumably on the stage of internalization in "mixing" endosomes to which transferrin and LY were targeted.
INTRODUCTION
Controversial data may be found in the literature concerning uptake mechanisms as well as the relationship between the fluid phase and receptor-mediated endocytosis (RME) even when the same system was studied. Ellinger et al. (1998) using free-flow electrophoresis reported that in the rat liver the fluid phase marker, FITC-dextran was found in endosomes with the same electrophoretic mobility as early sorting endosomes labeled by the asialoorosomucoid (ASOR) or by transferrin, both of which enter via RME. With increasing internalization time, FITC-dextran-labeled compartments co-localized with late, ASOR-containing endosomes. On the other hand, Oka & Weigel (1989) , Stromhaug et al. (1997) and Synnes et al. (1999) showed that fluid-phase and receptor-mediated endocytosis markers in hepatocytes enter the cells via different routes. There is a growing body of evidence that the content of the pinosomes (formed during the fluid phase uptake) and endosomes -"mix" up inside of the cell and the ligands internalized by both pathways enter the same endosomes (Spiro et al. 1996 , Ellinger et al. 1998 , Synnes et al. 1999 .
Phosphatidylinositol 3-kinase (PI-3K) plays an important role in endosome fusion (Jones et al. 1998 , Simonsen et al. 1998 , Corvera et al. 1999 . On the other hand, phorbol esters (PMA) may promote endocytosis by activating a factor involved in endosome fusion acting via PKC or yet not identified protein factor(s) (Aballay et al. 1999) . Paramecium has the components required for the classical "receptor -mediated" endocytic pathway (Allen, 2000) . Coated pits take up HRP (Allen et al. 1980) and ferritin (Wyroba, 1988) . We have also shown that Paramecium internalized LDL when it was used as a model cell to follow the uptake and retention of the sensitibilizers used in the photodynamic therapy of tumors (Croce et al. 1990 (Croce et al. , 1992 . Our recent finding that Paramecium posseses a homologue of mammalian dynamin 2 (Surmacz et al. 2001 ) -involved in coated vesicles scissionbrought new evidence for the existence of a receptor-mediated pathway in this cell. We therefore attempted to quantify the fluid phase uptake in the absence and presence of transferrin -a receptor-mediated endocytosis marker (Veithen et al. 1998 , Wassenberg et al. 1999 , de Figueiredo and Soares, 2000 .
In this paper, we present the results of our studies on fluid-phase intake measured by LY accumulation and the effects of wortmannin, an inhibitor of PI-3K and PMA, as potential modulators of this pathway in the presence of transferrin. To better understand the influence of PMA, we also used the protein kinase C inhibitor, GF 109203 X, in the quantifications performed.
MATERIALS AND METHODS

Cells
Paramecium aurelia cells (5-day-old axenic cultures, strain 299s) were cultivated, collected and starved aseptically for 18 h as described previously (Wyroba, 1987 ) so as to be devoid of autofluorescence (Wyroba and Bottiroli, 1981) .
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Modulation of internalization
The following reagents, that modulate the process of internalization, were used:
1. GF 109203 X (bisindolylmaleimide, Tocris Cookson), a very strong and selective protein kinase C inhibitor (Toullec et al. 1991) . 2. PMA (phorbol 12-myristate 13-acetate, Sigma), shown previously to stimulate Paramecium phagocytosis (Wyroba 1987) . 3. Wortmannin (Sigma), phosphatidylinositol 3-kinase inhibitor (Arcaro and Wymann 1993) . These reagents were dissolved in DMSO (Sigma), the concentration of which in the reaction mixture was not higher than 0.9 % (to exclude its effect on cell metabolism). Control samples contained identical amounts of DMSO without the reagents. To establish the optimal concentration of these reagents, preliminary experiments were performed to control the cell viability. Additional control of PMA effectiveness was performed by testing the phagocytosis of latex beads.
Fluorimetric assay
Lucifer Yellow CH (Sigma) accumulation was quantified at 20°± 2°C. Cells were treated with wortmannin (50 nM), PMA (0.8mM), GF 109203 X (0.8 mg/ml) or transferrin-biotin labeled (100 mg/ml, Sigma) in the presence of LY (25 mg/ml). After various times of incubation, aliquots of the cells were withdrawn from the medium and immediately placed in a 150 times excess of cold (4°C) phosphate-saline buffer (= MSS, Soldo et al. 1966) followed by centrifugation (600 x g). The cell pellet was subjected to the next identical washing procedure to remove free label. The last washing supernatant and cell pellet was collected for assay of LY. Pinocytosed LY was assayed by combining 2 ml of the compact pellet with 0.2 ml of 0.1% Triton X-100 (Sigma), vortexing to obtain a homogenate and reading the fluorescence in a Perkin-Elmer Luminescence Spectrometer LS-5B at excitation 430 nm and emission at 540 nm. The standard curve of LY fluorescence was estimated at each series of experiments. The cell fluorescence (determined by subtraction of fluorescence of supernatants from that of cell lysates) was expressed per mg of cell protein and related to cell density and volume.
Protein determination
Protein content was determined by the Lowry method (1951) and assayed spectrophotometrical-ly at 750 nm using bovine albumin (fraction V, Calbiochem) as a standard.
Confocal microscopy
Paramecium cells incubated for 15 min either with LY (25 mg/ml) or biotinylated transferrin (100mg/ml) were analyzed. The latter samples were next treated with FITC-streptavidin (17.2mg/ml, Sigma) for 10 min. After the treatment, all the samples were immediately fixed in freshly prepared 4% paraformaldehyde (Sigma) for 15 min, washed three times in 0.01 M PBS, mounted in 2.5% DABCO (Sigma) and analyzed in a CLSM Phoibos 1000 confocal microscope (Molecular Dynamics, USA). The images and the 3-D reconstructions were performed as described previously (Wyroba et al. 1996) .
RESULTS
Cells internalized LY in a time-dependent manner and the rate of accumulation was not linear, i.e. it decreased with increasing time of incubation (Fig.  1) . The kinetics of LY uptake was characterized by a high initial uptake rate of 575 ng/mg protein/hr followed by slowing to 126 ng/mg protein/hr within 15 min at 25 mg/ml of LY in the incubation medium (Fig. 1) . Accumulation of LY in the cells was linear up to 50 mg/ml of LY in the medium (Fig. 2) . Transferrin induced a 7.5% increase in LY uptake rate (after 5 min) followed by a similar decrease as measured by LY accumulation (Fig. 1) . Wortmannin itself had no initial effect on LY accumulation but it 385 slightly diminished its uptake only after 15 minutes of incubation. When wortmannin was added with transferrin, LY accumulation was decreased by 8-9% at all the studied time points (Fig. 1) . The localization of LY, a fluid-phase tracer, and transferrin, a receptor-mediated endocytosis marker, was studied in Paramecium cells using confocal microscopy. We have observed that LY showed a scattered, diffuse fluorescence in the cells -typical for fluid phase uptake (Fig. 3A) , whereas transferrin was accumulated in the membrane-surrounded endosomes (Fig. 3B) , which was also evidenced by a three-dimensional reconstruction obtained from the series of 14 optical sections (Fig. 3C, D) .
Phorbol ester, an activator of protein kinase C, reduced the fluid phase uptake by 22% and this effect persisted for up to 25 min, whereas the PKC inhibitor (GF 109203 X) did not affect LY accumulation (Fig. 4A ). In the presence of transferrin, PMA effect was similar, but slightly lower (Fig. 4  B) -consistently with the influence of transferrin on LY uptake shown in Fig. 1 . On the other hand, PKC inhibitor added simultaneously with transferrin increased the fluid phase uptake within the first 15 minutes of incubation followed by a rapid 20% decrease in comparison to the control (Fig. 4B) . We estimated that the total volume of LY accumulated within 5 min was 0.039-0.04 pl /cell in the control samples.
DISCUSSION
There are many properties making Lucifer Yellow, a fluorescent disulfonic acid anionic dye, a useful fluid phase marker such as resistance to bleaching, lack of toxicity at the concentrations required for quantification of fluid phase endocytosis, absence of cellular metabolism and interaction with the cell membrane (McKinnley and Wiley, 1988) . We quantified spectrophotometrically the accumulation of LY in Paramecium and studied the effects of the modulators of two kinases: PKC (phorbol ester, GF 109203 X) and PI 3-kinase (wortmannin) in the presence and absence of transferrin -a marker of the receptor-mediated pathway (Schmid et al. 1988 , Woods et al. 1989 , Sandvig and van Deurs 1990 . The LY accumulation in Paramecium was in the range of 50-60 ng/mg protein, i.e. 4-6 times lower than that observed in microvessel endothelial cells (Guillot et al. 1990 ) and macrophages (Swanson 1989). However, the rate of influx (0.44 pl/cell/hr) was comparable to other cell types as that observed by Swanson (1989) on macrophages (0.38 pl / cell / hr) and similar to sucrose uptake in 3T3-L1 adipocytes (Frost et al. 1989) and [
H]-Gal intake in
Dictiostelium discoideum (Thilo and Vogel 1980) , which are in the range of 0.12 -0.84 pl/cell/hr. The high initial rate of LY uptake of 575 ng/ mg protein/ hr decreased to 22% within the next 20 minutes of incubation. Interestingly, such an effect was also observed by Swanson (1989) on macrophages. In immortalized cerebral endothelial cells, LY accumulation was also curvilinear with an initial rate of 807 ng/ mg protein/ hr (Deli et al. 2000) , i.e. higher than determined in Paramecium. However, the LY con-386 centration in the incubation medium was 20-fold higher than that applied by us.
PI 3-kinase activity is known to play a role in intracellular trafficking, particularly from endosomes to lysosomes, and may regulate an early step in receptor-mediated endocytosis (Brunskill et al. 1998 , Davol et al. 1999 . Wortmannin, a potent inhibitor of PI 3-kinase, inhibits receptor sorting and/or vesicle budding required for delivery of endocytosed material to "mixing" endosomes (Spiro et al. 1996) . The presence of wortmannin-sensitive enzymes was shown at three distinct steps of the endocytic cycle in Chinese hamster ovary cells when transferrin uptake was monitored (Martys et al. 1996) . Wortmannin did not affect LY accumulation in Paramecium, but decreased it when transferrin was present in the incubation medium. This may indicate an effect on a receptor-mediated pathway, presumably on the stage of the uptake in "mixing" endosomes to which transferrin and LY are targeted. In fact, we have observed a co-localization of Texas Red-conjugated transferrin with Lucifer Yellow in the endosomes of similar shape and dimension (Surmacz, Wiejak and Wyroba, unpublished) as those shown in Fig. 2 where transferrin was visualized by streptavidin-FITC.
It seems that the uptake of transferrin is under negative control of PKC: PKC inhibitor (GF 109203 X) increased LY accumulation in the presence of transferrin and after 25 min incubationi.e. coinciding with the time course of endosome cycling in Paramecium (Fok et al. 1982 ) -induced rapid decrease of LY uptake (to 70% of the initial value). This is in agreement with the results of Ellinger et al. (1998) , that fluid-phase marker containing endosomes co-localized with transferrin-labeled endosomes in hepatocytes.
Phorbol esters can alter several steps of intracellular trafficking (Aballay et al. 1999) and have multiple effects on normal endocytosis (PelchenMatthews et al. 1993) . PMA promotes endocytosis by activating a factor involved in endosome fusion acting via PKC or not yet identified protein factor(s) (Aballay et al. 1999) . We have observed that PMA decreased LY accumulation and PKC inhibitor did not affect this process. This suggests that the PMA influence on fluid phase endocytosis is probably not mediated by PKC signalling but may be resulting from its effect on the other factors -discussed abovereported by Aballay et al. (1999) . Paramecium was a subject of studies on endo-and exocytic processes (Allen and Fok 1980 , 2000 , Ziessenis and Plattner 1985 , Wyroba 1987 , 1991 , Subramanian et al. 1994 , but both the regulation of endocytic routes and a relationship between pinocytosis and RME uptake requires further investigation.
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